Objective-Determine if genetic variation in enzymes/transporters influencing extracellular adenosine homeostasis, including adenosine kinase (ADK), ecto-5'-nucleotidase (NT5E, CD73), and equilibrative nucleoside transporter type-1 (ENT-1), is significantly associated with epileptogenesis and post-traumatic epilepsy (PTE) risk, as indicated by time to first seizure analyses.
Introduction
Traumatic brain injury (TBI) is a leading cause of death and disability in the United States, affecting over 1.5 million people annually. 1 Those who survive can develop secondary complications such as post-traumatic epilepsy (PTE). Prevalence and likelihood of developing PTE varies widely in the literature and depends on injury type and severity 2 . Though, PTE accounts for 10-20% of symptomatic epilepsy in the general population and 5% of all epilepsy. 3 Importantly, PTE is associated with less favorable recovery and increases the risk of poor functional outcome following TBI 4 . PTE often requires long-term AED treatment, increasing the risk of adverse side effects, need for regular monitoring, and limiting cognitive recovery. However, not every patient presenting with clinical risk factors will develop PTE. Recent studies suggest differences in the secondary injury response post-TBI and individual genetic variability may contribute to epileptogenesis. 5, 6 Therefore, identifying genetic variation in pathways involved in epileptogenesis may help explain variation in PTE risk and present future points of intervention.
Adenosine is a potent endogenous anticonvulsant, regulated by a complex adenosine regulatory cycle 7 . Within the brain, adenosine homeostasis is largely under astrocyte control, providing a metabolic clearance system for intra-and extracellular adenosine. 8 Briefly, extracellular ATP is dephosphorylated into adenosine via a chain of processes involving ectonucleotidases (including the 5'ectonucleotidase CD73, encoded by the NT5E gene), equilibrative nucleoside transporters (including the primary type-1 ENT-1 transporter, encoded by the SLC29A1 gene) for maintenance of intra/extra-cellular adenosine levels, and intracellular adenosine re-phosporylation to inactive 5'-AMP (via adenosine kinase ADK, encoded by the ADK gene). Differential regulation of the biochemical processes within this cycle, as well as extracellular adenosine receptors and intracellular epigenetic functions mediated by adenosine, represent a potentially large group of both therapeutic targets and biomarkers for evaluating epileptogenesis.
Reactive astrogliosis is prevalent in both human epilepsy and in TBI 9, 10 , potentially contributing to PTE development. Previous research shows intra-and extracellular adenosine homeostasis actively influences epileptogenesis 11 in non-traumatic and posttraumatic seizure models 12, 13 . Additionally, adenosine activation of the inhibitory adenosine A 1 receptor (A 1 R) has a powerful anticonvulsant effect following chemically induced as well as chronic recurrent seizures 12 and on post-traumatic seizure development in a TBI mouse model. 13 Our previous work shows variation at two single nucleotide polymorphisms (SNPs) within the adenosine A 1 R gene (ADORA1) is associated with an increased PTE risk in a population with severe TBI. 5 Thus, using a Rehabilomics approach 14 , identifying mechanisms and biomarkers of epileptogenesis may have significant prognostic and personalized medical management value in TBI populations to prevent PTE throughout their rehabilitation and recovery. SNPs are a potentially useful biomarker for PTE, but few studies have assessed the link between genetic variation and epileptogenesis. We hypothesized genetic variation within candidate genes encoding components critical for maintenance of adenosine homeostasis, ADK, NT5E, and SLC29A1, would be associated with epileptogenesis and increased PTE risk, as demonstrated by time to event analysis.
Methods

Study design and subjects
This study was approved by the University of Pittsburgh Institutional Review Board. Candidate SNPs were genotyped and subject information regarding PTE was abstracted from medical charts for 208 subjects with severe, non-penetrating, TBI (admission Glasgow Coma Scale (GCS) score ≤ 8, head region Abbreviated Injury Score (AIS) ≥ 3) from a single academic medical center as part of a larger study investigating genetic relationships with TBI outcome. Subjects included in this longitudinal historical cohort study were 18-70 years old, had a positive computed topography (CT) scan confirming TBI, and no history of premorbid seizures. This study was restricted to subjects that self-reported race as white due to racial differences in allelic frequency obtained from the database of Single Nucleotide Polymorphisms (dbSNP: http://www.ncbi.nlm.nih.gov/snp). Four subjects were subsequently excluded (n=204).
Critical Care Management
All subjects were admitted to the neurotrauma intensive care unit at our level 1 trauma center and received treatment consistent with The Guidelines for the Management of Severe Head Injury. 15 Treatment initially consisted of extraventricular drain (EVD) placement, central venous and arterial catheters, and further surgical intervention when clinically necessary. Intermittent EEGs were obtained by treating physicians as part of standard of care when suspicion of clinical or non-convulsive seizures arose. In accordance with guidelines for seizure prophylaxis therapy, 16 the majority of subjects received anti-epileptic drugs (AEDs) for the first week post-injury.
Demographic and Injury Data
Subject demographic and injury information was abstracted from electronic medical records. Demographic and premorbid variables, including age and sex, were recorded. Injury information including mechanism of injury, GCS score (best in the first 24 hours postinjury), subdural hematoma (SDH), depressed skull fracture, and acute care length of stay (LOS) was obtained from ambulance, emergency room, surgical, and radiographic reports. Information regarding AED administration during the acute care period was considered only if used for seizure prophylaxis or treatment. Isolated TBI status and Injury Severity Scores (ISS) were calculated using the AIS scoring system, with data for these measures obtained from the University of Pittsburgh Medical Center (UPMC) trauma registry. The AIS scoring system determines the severity of a specific injury based on survivability of that injury. 17 ISS is defined as the sum of squares of AIS scores from the three most severely affected body regions. 18 Isolated TBI was defined using AIS criteria, where a head region AIS score of ≥ 3 and a score of <3 in all other body regions was considered an isolated TBI. Nonisolated TBI was defined as a head region AIS score of ≥ 3 and an AIS score ≥ 3 in at least one extra-cranial region, while isolated TBI status was defined as an AIS head region of ≥ 3, with AIS scores in other body regions <3.
Seizure Assessment
Time to first seizure was the primary variable of interest, and our cohort was further restricted to comply with the most current definition of PTE. 19 PTE was defined as at least one documented seizure occurring after the first week post-injury. Therefore, subjects who seized (n=11) or died (n=31) during the first week post-injury were excluded. A final cohort of 162 subjects met the inclusion criteria based on our PTE definition.
Information regarding PTE occurrence was collected using all available inpatient and outpatient electronic medical records from our health system. Inpatient records were reviewed to determine time to first seizure and included ambulance and emergency room reports, nursing notes, progress reports, EEG reports, patient history and physical reports, and discharge or transfer summaries. PTE follow-up was censored at 3 years post-injury to allow for comparable and complete ascertainment of PTE information for all subjects. Any indications of seizures, convulsions, status epilepticus (SE), or diagnosed seizure disorders were classified as PTE occurrence. Any mention of possible seizure activity that was either ambiguous or non-conclusive was categorized as no-PTE.
DNA Extraction
DNA was extracted from whole blood samples or CSF collected from each subject. Blood was collected into ethylenediaminetetraacetic acid (EDTA) tubes. Samples were centrifuged and processed to retrieve the buffy coat, and DNA was extracted using a simple salting-out procedure. 20 If no blood sample was available for DNA extraction, DNA was extracted from white blood cells obtained from passively drained CSF using QIAamp DNA extraction protocol for extraction from body fluids (Qiagen Corporation Venlo, The Netherlands).
SNP Selection and Genotyping
SNPs were selected in order to assess the variability across the entire ADK, NT5E, and SLC29A1 genes. This required a total of 14 tagging SNPs (tSNPs), including nine ADK (rs10824218, rs11001111, rs10824094, rs946185, rs11001109, rs11000980, rs1908335, rs4746209, and rs7899674), three NT5E (rs9444348, rs4431401, and rs9450282), and two SCL29A1 (rs324148 and rs760370) tSNPs. These tSNPs were selected via HapMap database build 36, using a minor allele frequency (MAF) ≥ 20% and CEPH (Utah residents with northern/western European ancestry) data. All 14 tSNPs were genotyped using the i-PLEX Gold SNP Assay (Sequenom Incorporated San Diego, CA, U.S.A). Hardy-Weinberg equilibrium was verified for all SNPs, indicating genotype distributions were within the expected proportions. Information regarding the degree of linkage disequilibrium (LD) between SNPs in this study was obtained using HapMap database build 36 (http:// hapmap.ncbi.nlm.nih.gov). LD and MAF were examined within the specific study population using Haploview 21 software (Broad Institute Cambridge, MA, U.S.A; Supplemental Table 1 ). We used the most recent Genome Reference Consortium release, GRCh38, to determine SNP location and to examine reported LD from the CEPH population when assessing SNPs with significant associations with time to first seizure and PTE risk.
Statistical Analysis
Statistical analyses were performed using SAS version 9.3 (Cary, NC, U.S.A) and R version 3.03 (http://www.r-project.org/). Summary statistics were calculated for demographic and injury characteristics of interest. Chi-square, using Fischer's exact test when appropriate, and Mann-Whitney statistics were used to assess differences in demographic and injury variables between PTE/no-PTE groups. All mean values were reported as the mean±SEM.
There were no a priori hypotheses regarding genetic models of disease for the selected SNPs of interest. Therefore, we initially examined autosomal dominant and autosomal recessive models for ADK and ENT-1 to determine if either genetic model was associated with seizure activity using chi-square analyses. Because ecto-5'-nucleotidase is known to form homodimers 22 , we compared seizure activity between heterozygous and homozygous individuals for the NT5E SNPs, in addition to autosomal dominant and recessive models. For all genes, the most significant genetic model was selected for further examination in primary analysis.
To screen for SNPs potentially associated with time to first seizure, Kaplan-Meier survival curves were generated for each SNP, using the genetic groupings indicated above, and compared using the log-rank statistic. Due to the observed correlation among the SNPs of interest, as evidenced by LD from examination using Haploview (described above), it was likely the number of truly independent tests would be less than the number of SNPs analyzed. Therefore, the minimum number of effective tests (M eff ) was calculated individually for each gene 23 and summed across genes to generate a total M eff of five. Because NT5E and SLC29A1 both reside on chromosome 6, a M eff was also calculated for both genes simultaneously to determine if there was significant correlation between genes. When examined together, the M eff for NT5E and SLC29A1 did not show correlation between genes, and the total M eff of five was subsequently used as the true number of independent tests. To correct for multiple comparisons during screening procedures, a Sidak correction was applied to the initial screening level of significance (α =0.10), using the M eff as the number of tests. Log-rank statistics were then compared to a corrected level of significance of α =0.021.
SNPs that were significant using the Sidak corrected α, and that met assumptions of Cox Proportional Hazards modeling, were further examined in multivariate Cox models, adjusted for demographic and injury characteristics found to differ by PTE status in univariate analysis (p<0.10). Following examination of individual SNPs in multivariate Cox models, SNPs were entered simultaneously into the adjusted model.
Additional post-hoc descriptive analyses were conducted to assess genetic variant concordance between nominally significant SNPs and SNPs surviving correction for multiple comparisons. Cross tabulations were used to explore concordance among SNPs within genes.
Results
Study Population
One hundred sixty-two subjects met inclusion criteria for PTE analysis. The average age was 33.27±1.10 years; 80.2% were male, and 33 subjects were deceased at the conclusion of the 3 year follow-up. The median GCS score was 6, and the mean ISS score was 35.42±0.72. Common mechanisms of injury included motor vehicle accidents (59.3%). The acute care LOS ranged 7-61 days, with a mean of 23.62±0.84 days. During the first week post-injury, 95.7% of subjects received AEDs for seizure prophylaxis including all subjects with PTE. Consistent with previous PTE studies, 3 14.8% (n=24) of subjects had documented evidence of PTE upon medical record review. Two additional subjects developed PTE outside of the three year follow-up but were included in the "No PTE" group for analyses. Of those with PTE, 30.8% had ≥ 1 EEG during acute care, and 50% had an EEG at the time of initial seizure presentation. There were significant differences in demographic variables by PTE status (Table 1) . Those with isolated TBI more often developed PTE versus those with non-isolated TBI (p=0.033). Subjects with SDH tended to have higher PTE frequencies (p=0.089). Mortality was inversely associated with PTE (p=0.007), with those who died having lower PTE rates. Age was not a significant factor associated with PTE.
Evaluation of Tagging SNPs and PTE Risk
Tagging SNPs for ADK, NT5E, and SLC29A1 were independently evaluated for associations with time to seizure using Kaplan Meier models (Table 2) . Within the ADK gene, individuals homozygous for the minor allele at rs11001109 (AA) had significantly shorter times to first seizure and higher seizure rates compared to major allele carriers (p=0.018) (Figure 1 ). Within NT5E, rs9444348 heterozygous subjects had shorter times to first seizure and higher seizure rates compared to homozygous subjects (p=0.021) ( Figure  1 ). rs946185 (TT; ADK) minor allele homozygous and rs9450282 (NT5E) heterozygous subjects tended to have shorter time to seizure and higher seizure rates, though these findings were not statistically significant. Remaining SNPs evaluated showed no association with time to first seizure.
Multivariate SNP Associations with PTE
After adjusting for ISS, isolated TBI status, and SDH in multivariate Cox models, there were significant differences in hazard ratios (HR) for rs11001109 (p=0.020) and rs9444348 (p=0.019) ( Table 3 ). The risk of developing PTE was ~4.5X higher for individuals who were minor allele homozygotes for rs11001109 compared to major allele carriers. rs9444348 heterozygous individuals had ~3X higher risk of developing PTE than homozygous individuals within three years post-TBI. When entered simultaneously into a multivariate Cox model, both SNPs remain marginally significant (rs11001109: p=0.067, rs9444348: p=0.050) ( Table 3) .
Post-hoc Descriptive Analyses
Nominally or statistically significant variants in Kaplan Meier models were explored to examine levels of within gene concordance among these SNPs. Interestingly, when SNPs located within the ADK gene were examined, all subjects that were minor allele homozygous at rs11001109 were also minor allele homozygous at rs946185 and rs11001111. These subjects represented a minority of the population (4.5%). In the NT5E gene, 29.3% of subjects were found to be heterozygous for both rs9450282 and rs9444348, while 41.5% were homozygous.
Discussion
To determine whether or not genetic variation within integral components of the adenosine regulatory cycle is associated with epileptogenesis and PTE risk, we investigated a total of 14 SNPs within the ADK, NT5E, and SLC29A1 genes (9, 3, 2 SNPs, respectively). Importantly, SNPs associated with increased HR, rs11001109 and rs9444348, remain significantly associated with PTE risk after adjusting for potential confounders, including SDH, which is consistently cited as a risk factor for post-traumatic seizure 2,3 . To our knowledge, this is the first clinical investigation evaluating how ADK, NT5E, and SCL29A1 genetic variation influences time to first seizure and PTE risk. Based on International League Against Epilepsy (ILAE) definitions 19 and the time to event analytical approach, our data show there is a genetic risk within ADK and NT5E for PTE, over the first 3 years after severe TBI. Both rs11001109 and rs9444348 are tagging SNPs with no known functionality at this time. However, these data do support the hypothesis that genetic variation within adenosine regulatory pathways can accelerate or shorten the latent period between injury and PTE, suggesting a possible genetic role in epileptogenesis following TBI.
The ADK gene, located on chromosome 10q11-q24, is 546-kb long and is one of the largest in the human genome. 7 Despite its size, the coding sequence produced by the ADK gene is only about 1.1kb long and is comprised of 11 short exons, each of which range from 36-765 nucleotides in length. 7 rs11001109 is located within intron 10, about 13 kb from the end of exon 10 and 25kb from the 3'-end of the ADK gene, and it is in LD with multiple other tagging SNPs across a large DNA block of ~80kb, ranging from intron 9 into the 3' end of the ADK gene. The region of LD tagged by rs11001109 includes exon 10, which contains the catalytic site of ADK 24 . Variation within rs11001109 may represent functional variation within this exon of the ADK gene. Also, a missense polymorphism, rs397514452, causing a residue change from alanine to glutamic acid has been identified in this exonic region within a small case series of individuals with hypermethioninemia and epileptic seizures 25 . These findings further suggest rs11001109 may reflect functional variation in the represented DNA block. However, future studies are needed to determine what, if any, effects in ADK protein or gene expression result from variation represented by tagging SNPs explored in this current PTE study. NT5E is located on chromosome 6q14.3, is about 1/10 th the size of ADK (55kb), and consists of 9 exons. rs9444348, is located within intron 1, and as shown from the 1000 Genomes CEPH population, is in LD with a region extending across exon 1 and approximately 22kb 5' of NT5E (http://www.broadinstitute.org). Using data obtained from RegulomeDB (www.regulomedb.org), variation represented by rs9444384 may affect binding capacity. The lack of association between ENT-1 genetic variation and PTE in our study is consistent with findings by Wiesner et al. (1999) and further specifies the importance of enzymatic regulation of adenosine in epileptogenesis compared to adenosine transport.
The importance of adenosine regulation and its neuroprotective role has been well established through in vitro and rodent models and extensive reviews of the literature [26] [27] [28] . Physiologically, ADK and NT5E are critical components to adenosine regulation as part of a complex cycle. In addition, multiple adenosine receptors (i.e. A 1 R and A 2A R), with regional expression patterns and functionality, contribute to this regulatory cycle. As part of the adenosine cycle, two metabolic processes contribute to extracellular adenosine. Bidirectional nucleoside transporters are driven by intracellular adenosine metabolism via ADK, and extracellular ATP dephosphorylation to adenosine occurs via ectonucleotidases, including 5'-ectonucleotidase. Numerous studies consistently document significantly higher levels of extracellular adenosine during pathophysiological processes, such as those initiated by TBI 26, 27 . Importantly, increased adenosine can contribute to the development of reactive astrogliosis through increased activation of A 2A Rs 29 . Astrogliosis is a common pathology associated with both TBI and epilepsy 9,10 and associated with ADK upregulation 30 . Genetic variation in NT5E, whose activity parallels A 2A R's, and/or ADK may increase gliosis, possibly impacting epileptogenesis.
Experimental manipulation of adenosine cycle components and adenosine receptors has shed light on mechanisms of epileptogenesis and the pathophysiology of epilepsy. The extracellular tone of adenosine has a direct inhibitory effect on ictogenesis via A 1 R activation that couples to inhibitory G-proteins, mediates presynaptic inhibition, and stabilizes the postsynaptic membrane potential 7, 31 . The failure of endogenous seizure prevention mechanisms could promote epileptogenesis in the sense that `seizures beget seizures'. A 1 R agonists have been shown to reduce seizure activity. However, application of various ADK inhibitors achieve similar results with an improved side effect profile 32, 33 . Combined A 1 R and A 2A R pharmacological modulation may provide more fine-tuned seizure control.
Rodent studies investigating kainic acid (KA) induced status epilepticus (SE) report ADK over-expression and increases in ADK enzymatic activity contribute to epileptogenesis. 11, 33, 34 Experiments in a similar model demonstrate seizures originate from focal areas of ADK over-expression and generalize to the cortex following disruption of adenosine signaling through A 1 R blockade 34 . ADK over-expression, and the resulting adenosine deficiency, is associated with non-traumatic epilepsy development in humans and rodents. 35 Genetically modified mice having reduced ADK expression results in reduced incidence of KA-induced SE, protection against brain injury associated with acute seizures, and resistance to epileptogenesis. 11 Together, this work suggests ADK's role in epileptogenesis may be based on the ability of ADK to regulate extra-/intracellular adenosine homeostasis.
Interestingly, recent data suggest intracellular adenosine may facilitate epileptogenesis by regulating the DNA methylome 36 . Adenosine is an obligatory end-product of DNA methylation and needs to be metabolically cleared by ADK, presumably via the nucleusbased enzyme isoform 28, 36 in order to maintain transmethylation reactions. Importantly, increased ADK activity leads to DNA hypermethylation, thought relevant for epileptogenesis 28, 36 . Indeed the methylation hypothesis of epileptogenesis suggests seizures by themselves can induce epigenetic modifications, thereby aggravating the epileptogenic condition 37 . Also, the NT5E gene has a CpG island regulated through methylation 38 . Importantly, experimental TBI studies suggest injury itself reduces epigenetic marks compared to controls 39 , lending greater importance to epigenetics as a mechanism for PTE development. ADK polymorphism associations with epigenetic marking profiles could shed light on the contribution of epigenetic mechanisms and possibly lead to the identification of additional biomarkers to inform PTE risk and pathology.
While the literature regarding manipulation of 5'-ectonucleotidase is not as expansive as the literature involving ADK, synthesis of current evidence suggests disruption in 5'-ectonulceotidase function affects adenosine regulation and epileptogenesis. Data suggest 5'-ectonulceotidase is the enzyme most responsible for the last step of ATP degradation, dephosphorylation of AMP to adenosine and a free phosphate 40 . Significant reductions in extracellular adenosine have been shown when using 5'-ectonucleotidase inhibitors and NT5E knock-out mice 41 . In vitro studies also demonstrate reduced adenosine production following 5'-ectonulceotidase inhibitor administration 42 . It is possible genetic variation, as observed in our results, may alter 5'-ectonucleotidase function, decrease extracellular adenosine, and increase seizure activity.
There are two functional domains for NT5E, with the N-terminal domain responsible for catalytic activity, and the C-terminal domain for substrate binding 43 . Two binding conformations result in different orientation of these two functional domains 43 , and variation within this gene may impact any of these components required for normal enzymatic function. Outside of its purinergic enzymatic activity, NT5E influences T-cell immunoactivation and inflammatory cell adhesion 43 , potentially implicating this enzyme with inflammatory pathways affecting epileptogenesis after TBI. Our previous work implicates inflammation, specifically genetic variation in the IL-1β gene and IL-1 β levels, to PTE risk and accelerated epileptogenesis. 6 rs11001109 and rs9444348 were marginally significant when presented in the same multivariate model, suggesting these variants capture some shared variance with regard to PTE risk. This finding is not surprising, given the interrelatedness of these two genes in managing the adenosine regulatory cycle pathway. Multivariate models also linked isolated TBI status and increased PTE occurrence. Several studies have reported differences in inflammatory responses in serum following isolated TBI compared to non-isolated TBI 44 , including IL-1β 45 , suggesting individuals with isolated TBI may have an inflammatory response more conducive to epileptogenesis compared to those with non-isolated TBI.
Additionally, SDH was associated with PTE in univariate analysis, supporting previous work reporting an association between SDH and PTE 2 . Some literature suggests age may be a risk factor for PTE 2, 3 . However, there were no significant differences between individuals that did/did not seize when assessing age as a continuous variable (see results) or when dichotomizing age at previously published cut-points (data not shown).
It is important to acknowledge limitations when interpreting the study findings. Because the primary hypothesis centered on genetic variation in epileptogenesis following TBI, time to first seizure was the primary variable of interest and was collected via medical record abstraction. While the medical system whose comprehensive electronic record system was reviewed is the largest provider in the geographic area, subjects may have presented to physicians outside the system for subsequent seizure development, resulting in misclassification. Non-convulsive seizures frequently occur early after TBI 46 . Thus, seizure incidence could also have been misclassified based on the first convulsive seizure. To control for population stratification, we limited analyses to white individuals. Without ancestral data regarding race, it is possible that residual population stratification exists. Conversely, limiting analyses to self-reported white subjects prevents generalization to other racial populations. Although this cohort is one of the largest single center TBI cohorts with genetic data, analyses are limited by small sample size. Future studies are needed to validate the current findings.
Additionally, one SNP within the ADK and one SNP within the NT5E genes were marginally associated with time to first seizure using Kaplan Meier models, but were not statistically significant using the α level appropriately corrected for multiple comparisons (Table 2) . With a larger sample size, there could be significant associations with time to first seizure and accelerated epileptogenesis that survives correction for multiple comparisons with these SNPs that are only nominally/marginally significant with our sample size. Future studies can investigate how variation at functional SNPs (e.g. rs201127930, ADK) and the 5' region of NT5E, located within the regions of LD identified, are important to epileptogenesis to validate our findings. Despite these limitations, this study presents biologically plausible preliminary evidence that genetic variation in the adenosine regulatory cycle is a risk factor for epileptogenesis and PTE in a clinical population with severe TBI. If validated, appropriate therapeutics targeting this pathway can be explored.
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Key Points
• Genetic variation in the adenosine regulatory cycle may accelerate epileptogenesis & increase post-traumatic epilepsy (PTE) risk after TBI.
• rs11001109 rare allele homozygosity & rs9444348 heterozygosity are linked with shorter time to first seizure & higher 3 year seizure rates.
• Confirmatory studies are needed to establish adenosine cycle genetic variation associations with accelerated epileptogenesis and PTE risk.
• If confirmed, adenosine regulatory pathways may be a viable therapeutic target & point of patient stratification for clinical intervention. 
